Purpose: To investigate the discrepancy between the arteriovenous malformations (AVMs) seen on magnetic resonance angiography (MRA), and seen on stereotactic digital subtracted angiography (DSA). VMRA covered less than 80% of VDSA in any dimensions in 9 cases (32%), although no significant difference was seen in the target volume between each method with a mean value of 11.9 cc for VDSA and 12.3 cc for VMRA (p=0.948).
INTRODUCTION
Stereotactic radiosurgery of brain lesions requires precise information on the target coordinates and morphology for single or fractionated high-dose application. For treatment planning of intracranial arteriovenous malformations (AVMs), stereotactic angiography has been the basic source of three-dimensional (3D) information of target volume [1] [2] [3] [4] [5] . However, stereotactic angiography with the conventional biplanar technique is limited in its depiction of the 3D anatomy of AVMs 1 . Recent improvements in conformal radiation techniques, such as 3D conformal radiation therapy and intensity modulation radiation therapy, have made it possible to confine the high-dose radiation region to the 3D shape of the target. Because of this, a more precise 3D target shape is now required for radiosurgical planning. Gadolinium-enhanced 3D time-of-flight magnetic resonance angiography (MRA) and computed tomographic angiography (CTA) are the imaging modalities which can provide detailed 3D information on the AVM shape [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, discrepancies are frequently experienced between the target created on an MRA or CTA, and the target on stereotactic angiography 5 . The authors of previous publications have attributed the cause of this discrepancy to the poor depiction of AVM on biplanar stereotactic angiography 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] ; however, none of these publications compared the targets created only on an MRA with those created only on a stereotactic Aoyama et al. 5 angiography. In this study, therefore, we compared the target created on an MRA with the target created on a stereotactic angiography, in order to investigate the possible cause of the discrepancy between these two modalities. The feasibility of the use of CTA with a rapid injection contrast medium from the artery was also evaluated.
MATERIALS AND METHODS
The patients in this study consisted of 26 consecutive patients with intracranial pial AVMs treated between April 2002 and August 2003. One patient who had 3 pial AVMs was included, and thus 28 AVMs were used for evaluation. The median age of the patients was 51 years, and ranged from 13 to 69. There were 16 male and 10 female patients. The twenty-eight AVMs included 5 infratentorial lesions, with the rest being located at the cerebrum. Conventional stereotactic biplanar digital subtracted angiography (DSA) (Advantx LCN, GE, Milwaukee, WI) was conducted on all patients by immobilizing them using a stereotactic frame with fiducial markers attached at the front, back, and sides of the frame. The targets were delineated by a neuroradiologist.
The co-ordinates of the center of the nidus and the maximum diameter were calculated using software based on the calculation method proposed by Shidon et al 13 The source date of the MRA was three-dimensionally co-registered to the plan-CT based on 6 to 10 anatomical landmarks on a commercially available registration machine, which has been described elsewhere 14 . The nidus of the AVM was delineated on the MRA co-registered with the plan-CT (Figure 1 ) by radiation oncologists first.
Neuroradiologists and neurosurgeons modified the target if necessary. The center and maximum diameter of the nidus were used for this analysis.
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In 15 of the 28 AVMs, CTA was performed immediately after stereotactic DSA. A scanner capable of spiral data acquisition with an injection of contrast medium was used (GE IVR Angio CT System, Advantx ACT (Advantx LCN, HiSpeed LX/I), GE, Milwaukee, WI). The contrast medium was given via an intravascular catheter placed in the proximal arteries of the AVMs. The CTA protocol consisted of conventional unenhanced scanning with 5 to 10 mm slice thickness, followed by helical scanning during rapid injection of contrast medium, and finally by conventional delayed postcontrast scanning with 5 to 10 mm slice thickness. Helical scanning was performed using 3-times-diluted contrast medium at a rate of 2.5 ml/s with a prescan delay time determined by the information from the stereotactic DSA. The CTA data was transferred as MRA to plan-CT. The delineation made by the MRA was modified using the CTA data in these 15 patients. The role of the additional information of CTA to MRA was evaluated.
The discrepancy between the target on conventional stereotactic DSA (VDSA) and that on the MRA (VMRA) in the coordinates of the center of the nidus, the maximum diameter, and the volume of the nidus assuming an ellipsoidal shape were measured. The coordinates of the outer edge of the nidus were also measured. If VMRA alone is used to determine the target volume, it may not cover VDSA. This issue was addressed in each dimension by calculating the ratio of the maximum length of the intersection of the VMRA Aoyama et al. 8 with the VDSA to the maximum length of the VDSA in that dimension. This calculation was repeated in all three orthogonal dimensions. Figures 2a, 2b, 2c) . The root-mean-square displacement, an estimation of 3D distance, was 4.7 +/-2.9 mm. There were 2 AVMs (7%), of which the 3D displacement was 1cm or more, 6 AVMs (21 %) with the distance ranging from 5 mm to 1cm, 12 AVMs (43%) from 2 mm to 5 mm, and 8 AVMs (29 %) of 2mm or less. No correlation between the size of the nidus and degree of displacement was found ( Figure   3 ). Retrospective analysis suggested that the displacement of centers over 1 cm was attributed to the low quality of conventional stereotactic DSA due to the overlapping of major vessels in one case (AVM-12), and to the poor depiction of the MRA in one case (AVM-23).
RESULTS

Displacement of the centers of targets between
Size and volume assessment
The mean maximum diameter of VDSA in the LR, AP, and CC directions was 2.206 cm, the CC direction. There were 9 AVMs for which the coverage ratio was less than 80% in any direction (Table 1) . The low coverage of these 9 AVMs was considered to be attributed to the underestimation by VMRA in 8 AVMs, and the over-estimation on angiography in one patient in the retrospective assessment.
The impact of the use of CTA in addition to MRA
The clarity of visualization of the AVMs was rated for the CTA and MRA separately by a single investigator (H.A). These images were rated "clear" if abnormal vascular structures were easily identified and "unclear" if the abnormal vascular structure was vague and difficult to identify. AVM on CTA was rated "clear" in 13 cases (87%), whereas that on MRA was rated "clear" in 10 cases (67%)(χ-square, p=0.38). In cases in which the Aoyama et al. 10 visualization of AVM on the MRA was "unclear", the targets were delineated based on the information provided by either the CTA or plan-CT as a platform of dose calculation.
Statistically significant improvement was not observed with regards to the displacement of centers between the VMRA delineated on MRA alone and that did on CTA in addition to MRA (Table 2 ). However, the CTA gave us useful, flow-dynamics-related information in a case of a relatively large AVM (AVM-22), and we omitted the portion of the draining vein from the target (Figure 4) .
DISCUSSION
In the radiosurgical treatment planning of intracranial AVM, the importance of the integration of 3D-image information on stereotactic angiography has been widely recognized since the 1990's. MRA and CTA have both been investigated for this purpose. In our study, we discovered that the displacement of centers between VMRA and VDSA was Aoyama et al. 11 greater than 5 mm in one-third of the cases, regardless of the size of the AVMs, a fact which has not been well documented in previous publications. In addition, no significant difference was seen between the measurements of VMRA and VDSA. However, the MRA-based target did not adequately cover the angiography-based target in one-third of the cases. Although it is difficult to judge which is more accurate since pathological confirmation of the real shape of the AVM is impractical, the results of this study suggest that the use of MRA alone for the target delineation might lead to missing of some of the target volumes and could result in compromised treatment outcome.
Tanaka et al. evaluated the conspicuity of the nidus by MRA and CTA 12 . They found that MRA failed to discriminate 21 (68 %) of 31 draining veins which were detected by angiography, and that CTA failed to discriminate 12 (50%) of 24 feeding arteries. On the other hand, MRA successfully discriminated 19 (79%) of 26 feeding arteries, and the CTA depicted 18 (78%) of 23 draining veins, but it was not certain whether MRA and CTA could work complementarily to detect the accurate shape of nidus. We addressed this concern by comparing target delineated on MRA alone and one did on CTA in addition to MRA in regard to the discrepancy of centers; however, the results did not suggest that the complementary use of CTA and MRA could reduce the discrepancy of the center coordinates from an angiography-based center. Blatt et al. investigated the issue of the shift of the nidus center and difference in diameter between the nidus seen on conventional stereotactic angiography, and CT with intra-arterial contrast infusion in 81
AVMs 5 . In 44 cases (54%), the isocenters differed by an average of 3.6 mm. Fourteen nidi were larger on CT (average, 2.6 mm), and 30 were smaller on CT (average, 4.0 mm).
They concluded that those discrepancies could be attributed to error in the angiographic nidus determination, including overlapping vessels, bony structures, fine filamentous arterioles, and an irregular shape. The distortion of DSA could be a possible source of error as well 15, 16, 17 . Factors that influence the distortions are the curvature of the I/I screen ("pin-cushion distortion"), the earth's magnetic field ("S distortion") and other external or internal magnetic fields. Pincushion distortion can be mathematically reduced, but S distortion cannot be eliminated 15 . The distortion can be up to 4 mm at the edge of image without distortion correction, although it is usually 1mm or less for the diameter of 16 -23 cm from the center of image, therefore the contribution of the distortion correction could be minimal 16, 17 .
We agree that biplanar stereotactic angiography has some limitations in the depiction of nidus, as Blatt et al. 5 and other authors have pointed out 1, 3, 4 . However, we should be aware of limitation of MRA and CTA as well. One of the major drawbacks of these modalities is the limited ability of temporal resolution 18, 19 . Distortion of images and Aoyama et al. 13 some other artifacts inherent to MRA could be the result of other possible source of error as well 3, 4, 5, 14, 20 . The distortion of MRI happens by system-related and object-related causes and it can be as large as 4-5 mm at the edge of the magnetic field 14, 20 .
System-related distortion can be reduced by the modification of k-space data; however, its contribution is small as far as brain lesions are concerned because the distortion is usually sub-millimeter around the center of magnetic field without distortion-correction 14 .
The results of the present study suggest that the target on MRA or CTA might have included an unnecessary area of the AVM (the feeding artery or draining vein), but missed an important portion (the nidus), probably because of the poor temporal resolution of MRA. Therefore, our supposition is that DSA still remains the basic source for 3D information to delineate the nidus and to discriminate the feeding arteries and draining In conclusion, the use of MRA or CTA provided important 3D information for target determination, but the shift of center between MRA and stereotactic DSA, and inadequate coverage of angiography-based target by MRA-base target were not negligible. Therefore, DSA should be the basic source for 3D information to delineate the nidus. If the target is delineated using an MRA, it is important to understand the limitations of the MRA, in order to ensure delineation of the nidus, and to exclude unnecessary structures in the target volume. 
